The digit tips of children and rodents are known to regenerate following amputation. The skeletal structure that regenerates is the distal region of the terminal phalangeal bone that is associated with the nail organ. The terminal phalanx forms late in gestation by endochondral ossification and continues to elongate until sexual maturity (8 weeks of age). Postnatal elongation at its distal end occurs by appositional ossification, i.e. direct ossification on the surface of the terminal phalanx, whereas proximal elongation results from an endochondral growth plate. Amputation through the middle of the terminal phalanx regenerates whereas regenerative failure is observed following amputation to remove the distal 2/3 of the bone. Regeneration is characterized by the formation of a blastema of proliferating cells that appear undifferentiated and express Bmp4. Using chondrogenic and osteogenic markers we show that redifferentiation does not occur by endochondral ossification but by the direct ossification of blastema cells that form the rudiment of the digit tip. Once formed the rudiment elongates by appositional ossification in parallel with unamputated control digits. Regenerated digits are consistently shorter than unamputated control digits. Finally, we present a case study of a child who suffered an amputation injury at a proximal level of the terminal phalanx, but failed to regenerate despite conservative treatment and the presence of the nail organ. These clinical and experimental findings expand on previously published observations, and initiate a molecular assessment of a mammalian regeneration model.
Introduction
Fingertip regeneration in children has been reported in the clinical literature when amputation injuries are conservatively managed and allowed to heal by secondary intention (Stevenson, 1992) . Conservatively managed amputation injuries restore the digit contour, the fingerprint, normal sensibility and digit function, and heal with minimal scarring. Lengthening of the finger is described in some cases, however, it is not always clear whether finger elongation results from regeneration of the terminal phalangeal bone and/or by distal growth of granulation tissue (Douglas, 1972; Vidal and Dickson, 1993) . Observations on the healing of fingertip amputation injuries make it difficult to distinguish between a wound healing response that gives excellent cosmetic and functional repair of soft tissues, from a regeneration response that, in addition, completely or partially restores skeletal structure. Regeneration responses in lower vertebrates, such as the salamander, involves complete skeletal replacement (Bryant et al., 2002) , thus whether or not there is skeletal regrowth following fingertip amputation is key to establishing whether a regeneration response is stimulated. We are aware of a limited number of documented cases of bone regrowth following an amputation injury in humans (Lee et al., 1995; Vidal and Dickson, 1993) . Based on the clinical literature we can conclude that the human fingertip possesses some regenerative capacity, however there is insufficient documentation to predict whether or not a regenerative response will occur for any given amputation injury.
Digit tip regeneration in rodents has been used as an experimental model to study regenerative mechanisms in mammals, in particular, as it relates to fingertip regeneration in children. In both neonate and adult rodents, digit tip regeneration involves wound healing with regrowth of the terminal phalangeal bone . The regeneration response is level specific and restricted to amputation through the terminal phalangeal bone (Borgens, 1982; Neufeld and Zhao, 1995; Reginelli et al., 1995) . Regeneration in both children and rodents is noted to be associated with the presence of the nail organ at the wound site, and ablation/ transplantation studies in rodents suggest that the nail organ plays a crucial inductive role in the response (Mohammad et al., 1999; Neufeld and Zhao, 1995) . During digit development in mice and humans, the nail organ forms in association with distal mesenchymal cells that prominently express transcripts for Msx1 and Bmp4, and these genes have been shown to be functionally required for the embryonic regeneration response (Allan et al., 2006; Han et al., 2003; Reginelli et al., 1995) . Thus, the evidence implicates either the nail organ itself and/or cells associated with the nail organ as playing a critical role in digit tip regeneration.
In higher vertebrates, the terminal phalangeal bone is the only bone known to have the capacity to fully regenerate following an amputation injury. Like other long bones of the limb, the terminal phalanx initially forms by endochondral ossification, first forming a chondrogenic template that is later replaced by bone. Unlike classically studied long bones, the terminal phalanx possesses only a single growth plate located at its proximal end, so it is best described as equivalent to the proximal half of a typical long bone (Dixey, 1880 (Dixey, -1881 . Typical long bones increase in length by endochondral growth occurring at the epiphyseal plates, and involve cartilaginous growth with bone replacement. In contrast, long bones increase in diameter by appositional ossification that occurs along the diaphysis and involves the progressive laying down of new bone directly onto the surface of existing bone, a process that does not involve cartilage formation. In the case of the terminal phalanx, bone elongation appears to occur by endochondral growth proximally and appositional ossification distally.
Since the terminal phalanx is the only bone of the mammalian limb that has retained regenerative ability, we have carried out studies to characterizing its formation, elongation and regeneration in the neonatal mouse. We developed the postnatal day 3 (PN3) digit tip as a model for regeneration and we show that amputation through the distal region of the terminal phalanx results in a regeneration response whereas amputation through the proximal region does not. We find that when neonatal regeneration occurs it is not perfect; the regenerated bone is anatomically correct but never attains the length of unamputated digits. Our studies provide evidence that neonatal digit tip regeneration involves the formation of a blastema of proliferating cells expressing developmentally relevant genes, and the differentiation of bone tissue by direct ossification. Finally, to provide a link between experimental and clinical findings, we present a case report of a proximal amputation injury to the fingertip of a 28 month old child that was conservatively treated and resulted in a wound healing response without evidence of bone regrowth. This case report identifies a fingertip amputation level in children, similar to a proximal amputation in neonatal mice, which is unable to mount a regeneration response.
Materials and Methods

Digit tip amputation and tissue collection
All mice used in this study were outbred CD#1 strain supplied by Charles River Laboratories (Wilmington, MA). Following anesthetizing with an intraperitoneal injection of Nembutal (Pentobarbital; 50 mg per kg body weight) or Ketamine/Xylazine (Ketamine 80 mg and Xylazine 8 mg per kg body weight), we utilized the central three digits (digits 2, 3, 4) of the hindlimb of postnatal day 3 (PN3) neonates for digit formation and regeneration studies. Amputations were carried out using microdissection scissors. For distal amputations the terminal phalangeal bone was transected at its midpoint so that 50% of the bone remained in the stump tissue. For proximal amputations the transaction level removed between 67% and 75% of the terminal phalangeal bone leaving 25-33% of the bone in the stump tissue. At PN3 the distal amputation level transects forming bone tissue while proximal amputations transect cartilage (Figures 2A and B) . For all of our studies we treated the central three digits of the hindlimb as equivalent. For histological and in situ hybridization analyses digit tissues were obtained from mice at embryonic day 17.5 (E17.5), E18.5 (birth), PN3, PN7, PN14, and PN21. Procedures for care and use of mice for this study were in compliance with Standard Operating Procedures (SOPs) approved by the Institutional Animal Care & Use Committee (IACUC) of Tulane University Health Science Center or the University of California Irvine.
Histological analysis
Differential whole mount bone staining of developing or regenerated digits was performed essentially as described by McLeod (McLeod, 1980) with minor modification. Briefly, digits of neonates (younger than 3 weeks) were fixed with 100% EtOH, skinned, delipidated in acetone, and stained with Alcian Blue 8XG / Alizarin Red S in 5% acetic acid, 95% EtOH. Stained tissues were treated in 1% KOH and cleared by glycerol. Mice older than 3 weeks were stained simply with Alizarin Red S because cartilage tissue is absent in the digit tips. Adult digit samples were stained with 0.002% Alizarin Red S solution in 2% KOH. Samples were washed with 2% KOH and Mall's solution and stored in glycerol. For paraffin sectioning tissues were fixed in 4% paraformaldehyde, dekeratinized in 1% KOH, decalcified in Decalcifier II (Surgipath, Richmond, IL), and stained with Mallory's triple stain (Humason, 1962) .
Bone Length and Ossification
To assess growth rate we directly measured the proximo-distal length of the terminal phalanx in whole mount preparations (n=8 per time point). Postnatal ossification was determined by analyzing calcein labeled whole mount samples. To determine new bone formation, calcein was injected intraperitoneal (10 mg/kg body weight) and digit tissue analyzed 1 day later using fluorescence microscopy (Suzuki and Mathews, 1966) . In other experiments calcein was used as a vital marker to label existing bone and non-labeled bone distal to the calcein label was measured to estimate subsequent ossification. In some cases we used a double labeling technique in which new bone was labeled with Alizarin Red (Neufeld and Mohammad, 2000) .
In situ hybridization
Section in situ hybridization was performed to characterize gene expression during digit tip regeneration as previously described (Han et al., 2003) . In situ probes for type II collagen (Kosher et al., 1986; Nah et al., 1988) , Indian hedgehog (Bitgood and McMahon, 1995) , type X collagen (Schmid and Linsenmayer, 1985) , type I collagen (Kosher et al., 1986) , and osteocalcin (Komori et al., 1997) were used to characterize differentiation of skeletal elements. In situ probes for Msx1, Msx2 and Bmp4 were used to characterize the expression of developmental genes during regeneration (Han et al., 2003) .
Cell Proliferation
For cell proliferation study during digit tip regeneration, 10 mM of BrdU (Roche) was injected into the intraperitoneum (20 µl/g body weight) 4 days and 7 days post-amputation. After a 2 hour labeling period, digit samples were fixed with Carnoy's fixative, dekeratinized in 1% KOH, and decalcified with 10% EDTA. To explore direct ossification of the terminal phalangeal bone during development, BrdU was injected at birth and detected 3 weeks after labeling. Detection of labeled cells was performed using Roche BrdU Detection Kit II (Roche) on paraffin-sectioned tissue samples following the manufacturer's recommended protocol.
Results
A case of regenerative failure in children
Finger tip regeneration in children has been described following conservative management of the amputation wound. The regeneration response is not described as being level-specific, but extends proximally to a level below the base of the nail (Illingworth, 1974; King, 1979) . The data clearly indicate that conservative management of fingertip amputation injuries results in an excellent healing response, however what remains uncertain is defining a level of injury that results in a true regenerative response (i.e. bone regrowth). One of us (CHA) treated a fingertip amputation injury of the terminal phalanx that resulted in what might be considered a successful wound healing response, however lengthening of the phalangeal bone was not observed.
Case Report-A 28 month old child was treated for an amputation injury of the left long finger. The amputation transected the terminal phalanx at a level that was proximal to the nail plate but included proximal tissue of the nail organ. The terminal phalanx was exposed but it did not protrude from the wound and was not trimmed. X-rays at the time of injury verified the amputation level and indicated that approximately 70% of the phalangeal bone was lost leaving about 30% of the bone at the wound stump ( Figure 1A ). The wound was treated conservatively with dressing changes. The final follow-up visit 10 months after the injury showed that the wound had healed to form a smooth, rounded tip with normal contour and sensibility, but there was no elongation of the finger ( Figures 1B and C) . A rudimentary nail was present and was slightly hooked, thus verifying the presence of the nail organ in the amputation injury ( Figure 1D ). X-rays at 10 months indicated that the terminal phalanx had not elongated, but in fact appeared to have shortened ( Figure 1E ). These observations suggest that amputation injury in the proximal third of the terminal phalanx undergoes excellent wound healing but is unable to mount a regenerative response.
Regeneration of the terminal phalanx in neonatal mice
To determine whether a mouse model of digit tip regeneration displayed a similar level-specific regenerative response we carried out amputations at two different levels (distal and proximal) of the terminal phalanx (Figures 2A and B) . The distal amputation removed the distal half of the terminal phalanx, whereas the proximal amputation level removed between two-thirds and three-fourths of the terminal phalanx. The regenerative response was assessed after 8 weeks using alcian blue/alizarin red whole-mount skeletal staining and paraffin histology using the unamputated digit tip (Figures 2C and F) as a reference for completeness of the regenerative response. Distal level amputations resulted in a morphologically normal terminal phalanx (Figures 2D and G), whereas we observed no measurable response following a proximal level amputation (Figures 2E and H) . These findings are consistent with previous reports on older stage neonates . The failure of the proximal amputation level to regenerate is similar to that observed in the case report ( Figure 1 ).
While regenerates from distal amputation of the terminal phalanx appeared morphologically normal, they seemed shorter when compared to control unamputated digit tips (Chadwick et al., 2007) . To explore this further we carried out distal level amputations of PN3 digit tips collecting samples weekly beginning at 2-weeks post-amputation. Digits were processed for whole-mount skeletal staining and measurements were made to determine the proximal-distal length of the terminal phalanx. Measurements of control unamputated digits from the same animals were used for comparison. Our analysis of terminal phalanx elongation during neonatal digit tip regeneration showed that the rate of elongation during regeneration paralleled the rate of normal digit tip elongation, and that the regenerated terminal phalanx never reached the length of control unamputated digits ( Figure 2I ). We confirmed this finding by carrying out similar studies following amputation at PN9 and PN14 (not shown) with the same result. Our data show that the regeneration of the terminal phalanx following digit tip amputation involves a process that does not 'catch up' with endogenous digit tip elongation.
The elongation dynamics following amputation injury raised the possibility that digit tip 'regeneration' was simply a healing process in which the amputated phalanx elongated by an ongoing process intrinsic to normal digit formation. In other words, the elongation response following amputation was not a regenerative response. To investigate this possibility we first needed to understand the normal elongation process of the terminal phalanx.
Ossification during formation and elongation of the terminal phalanx
The terminal phalanx is a triangular shaped bone that develops by endochondral ossification, but unlike typical long bones, possesses a single growth plate at its proximal end. Based on whole-mount skeletal staining, the terminal phalanx at E17.5 is entirely chondrogenic and ossification is first evident at the apex at E18.5 ( Figures 3A and B) . Following birth, ossification extends proximally with the distal 2/3 ossified by PN7 and by PN14 the entire terminal phalanx stains positive for bone (Figures 3C and D) . During this period the terminal phalanx has a growth plate that is histologically well-defined at the proximal end ( Figure 3E ), however the growth plate is closed by PN21 ( Figure 3F ).
The initiation of ossification at the apex between E17.5 and E18.5 is associated with the onset of osteogenic marker genes and a change in expression of chondrogenic genes. Type II collagen (Col II) is expressed throughout the terminal phalanx at E17.5 ( Figure 4A ) but expression at the apex is down-regulated by E18.5 ( Figure 4B ). The pre-hypertrophic chondrocyte marker Ihh is strongly expressed at the digit apex at E17.5 ( Figure 4C ) but its expression is restricted to a central band of chondrocytes by E18.5 ( Figure 4D ). The hypertrophic chondrocyte marker type X collagen (Col X) which is weakly expressed at E17.5 ( Figure 4E ), is up regulated at the digit apex at E18.5 ( Figure 4F ). Evidence of ossification at the tip of the terminal phalanx is first found between E17.5 and E18.5. Histological staining demonstrates the formation of bone tissue along the dorsal surface of the terminal phalanx between E17.5 and E18.5 (Figures 4G and H) . Expression of type I collagen (Col I) is initiated at the apex of the digit tip on E17.5 ( Figure 4I ), and spreads proximally along the dorsal phalangeal surface by E18.5 ( Figure 4J ). At E17.5 we found no evidence of osteocalcin expression ( Figure 4K ), but by E18.5 transcripts are up-regulated in cells on the distal-dorsal surface of the terminal phalanx ( Figure 4L ). These results show that the terminal phalanx is formed by endochondral ossification and that ossification is initiated at the distal tip of the digit and progresses in a proximal direction.
Our measurements of the terminal phalanx during postnatal growth indicates that the bone triples its length between birth and maturity (8 weeks of age, see Figure 2I ), yet our histological analysis of the proximal growth plate of the terminal phalanx indicates that it is closed by PN21.
To characterize postnatal bone growth we used the vital fluorescent bone marker calcein which specifically labels calcium salt released into newly formed bone matrix and thus identifies sites of new bone deposition. In addition, calcein is very stable once it is incorporated, and free calcein is rapidly cleared from the circulation, making it a useful vital marker to characterize the temporal sequence of bone formation (Suzuki and Mathews, 1966) . We carried out two types of experiments using calcein. First, we characterized regions of new bone formation during postnatal elongation of the terminal phalanx by characterizing calcein incorporation, and second, we introduced calcein as a label for existing bone to determine rates of new (unlabeled) bone formation.
Calcein incorporation during the first week of postnatal elongation showed new bone deposition distributed throughout the terminal phalanx with the strongest staining at the base of the bone ( Figure 5A ). By 3 weeks new bone deposition is largely restricted proximally and along the distal-dorsal surface of the terminal phalanx ( Figure 5B ). There is also a low level of new bone deposited around the central region that is associated with an increase in bone diameter. At 5 weeks there is an absence of new bone deposition proximally, however there remains strong staining at the distal tip and along the dorsal surface of the terminal phalanx ( Figure 5C ). By 7 weeks of age the terminal phalanx has reached its maximum length (see Figure 2I ) and at this time there is little calcein incorporation at either the proximal or distal ends of the bone ( Figure 5D ). These data identify distal and proximal regions of bone growth that contribute to the final length and shape of the terminal phalanx.
We investigated further the distal region of ossification because it appears to be most relevant to ossification associated with the regeneration response. To characterize the contribution of distal ossification to the elongation of the terminal phalanx we labeled the new born bone by injecting calcein at PN1 and analyzed the deposition of new unlabeled distal bone during the elongation period ( Figures 5E-G) . Such measurements show a continuous increase in bone length that is attributed to a distal ossification center identified by our gene expression and calcein incorporation studies during digit tip elongation. Based on these measurements we estimate that 55% of the postnatal elongation of bone can be attributed to ossification occurring at the distal tip of the terminal phalanx. We have also carried out birthday studies by introducing BrdU into neonates and analyzing the terminal phalanx at PN21. The incorporation of BrdU labeled cells into bone at the distal tip of the phalanx confirms the involvement of a distal ossification center in post-natal bone elongation ( Figure 5H ).
Ossification during digit regeneration
We carried out calcein labeling studies during the regeneration response associated with distal amputation at PN3. At one week post-amputation, the proximal bone stump was labeled with calcein. At this stage of regeneration, calcein incorporation demonstrates that the regeneration of bone tissue has not commenced ( Figure 5I ). By two weeks post-amputation, the distal tip of the terminal phalanx is clearly defined and the general shape of the terminal phalanx is reestablished. Calcein labeling at this stage indicates enhanced bone deposition throughout the regenerate ( Figure 5J ). By the third week post-amputation, the terminal phalanx is enlarging and general pattern of calcein staining is similar to that of the unamputated digit tip (see Figure  5B ) with enhanced calcein incorporation proximally and along the distal-dorsal surface ( Figure  5K ). These studies identified the period between 1 week and 2 weeks postamputation as a time when the amputated digit re-establishes the skeletal pattern during regeneration. To verify this observation we carried out a pulse labeling study in which the terminal phalanx was calcein labeled at 1 week post-amputation to label the stump bone and collected regenerates 1 week later. In these samples new bone formation distal to the amputation plane was labeled with alizarin red (Neufeld and Mohammad, 2000) . As can be seen in Figure 5L the structure of the amputated terminal phalanx regenerates between 7 and 14 days post-amputation. These findings demonstrate that digit tip elongation following amputation cannot be simply interpreted as the continuation of endogenous postnatal bone elongation, and that a true regeneration response does indeed occur. In addition, these studies identify a 14 day window following PN3 digit tip amputation as the critical period during which regeneration occurs.
Blastema formation during digit regeneration
The salient features of mouse digit tip regeneration include the formation of a blastema or a blastema-like structure, and the re-differentiation of the terminal phalanx by direct ossification (Neufeld, 1992; Revardel and Chebouki, 1987) . A blastema can be defined as a population of proliferating undifferentiated cells from which an organ or body part is restored. We have carried out histological and BrdU incorporation studies that demonstrate the formation of a blastema during the regeneration of a mouse PN3 digit. The terminal phalanx of the PN3 digit at the time of amputation is undergoing ossification distally and is chondrogenic at the base of the digit (see Figure 3) . Amputation through the distal region transects ossifying tissues and creates a gaping wound ( Figure 6A ). 4 days post-amputation (PA4) the epidermis has yet to completely close the amputation wound and, what appears to be, undifferentiated cells begin to accumulate just distal to the bone ( Figure 6B) . By PA6 the epidermis covering the wound is thickened in the ventral region relative to the dorsal, and a blastema-like population of undifferentiated cells has accumulated distal to the amputated bone ( Figure 6C ). The bone stump is undergoing some erosion, most prominent in the ventral region (see also Figure 5I ), and the regenerating cells are contiguous with cells of the forming bone marrow. The distal region of the PA8 blastema-like structure contains cells that appear undifferentiated, and we notice numerous blood vessels that appear to be contiguous with the marrow vasculature. There is an enhanced level of collagen-specific staining at the proximal interface with the bone stump suggestive that bone differentiation is initiated at this time ( Figure 6D ). Consistent with previous reports, we find no histological evidence of chondrogenesis during this redifferentiation process (Neufeld, 1992) .
One characteristic of a blastema is that it contains proliferating cells. We carried out BrdU incorporation studies to determine the extent of cell proliferation during the regeneration process. We compared regenerating PN3 amputated digits at PA4 and PA7 to unamputated control digits. In the terminal phalangeal region of the unamputated control digits at PN7 and PN10 there are three distinct regions where cells were actively proliferating: the dorsal nail matrix, the ventral epidermis associated with the digit fat pad, and the bone marrow of the terminal phalanx ( Figure 6E and 6G, respectively). In addition there are few BrdU labeled cells scattered in other epidermal regions and in the loose connective tissue surrounding the bone. In the PA4 regenerate we observed enhanced proliferation in the epidermis involved in wound closure, but not among cells at the wound edge. In addition, we see enhance proliferation in connective tissue cells at the interface with the amputated bone stump ( Figure 6F ). By PA7 epidermal cell proliferation has largely subsided, however there is enhanced proliferation in the region between the bone marrow and blastema-like structure, and within the loose connective tissues surrounding the bone ( Figure 6H ). These data demonstrate that there is a localized proliferative response associated with digit tip regeneration.
We investigated the expression of three developmental genes, Msx1, Msx2 and Bmp4, known to be important for digit tip regeneration in the embryo. Msx1 is required for embryonic digit tip regeneration, and Bmp4 expression is downstream of Msx1 and Msx2 (Han et al., 2003) . In the postnatal digit Msx1 is expressed by loose connective tissue cells between the nail organ and the terminal phalangeal bone (Han et al., 2003; Reginelli et al., 1995) . Following amputation of the PN3 digit tip we observed no qualitative change in Msx1 expression at PA4, although we did notice higher levels of expression in cells associated with the amputation wound (not shown). This apparent up-regulation of Msx1 expression was transiently restricted to PA4 and similar to Msx2 (see below). At PA8 Msx1 expression was present in the loose connective tissue cells between the nail and the terminal phalangeal bone in the digit stump but was not detectable in regenerating digit blastema cells ( Figure 6I ). Msx2 expression is normally restricted to the nail epidermis, but is up-regulated in the dorsal loose connective tissue cells associated with the amputation wound at PA4 ( Figure 6J ). However, its expression is not detected in the PA8 regenerate ( Figure 6K ), thus Msx2 is transiently up regulated during the early stages of the regeneration response. Bmp4 is normally expressed in the bone marrow and in chondrocytes at the base of the terminal phalangeal bone, and there is no expression associated with the loose connective tissue of the digit tip (not shown). In the PA8 regenerate some Bmp4 expressing cells are found in the loose connective tissue and throughout the regenerating blastema ( Figure 6L ). These observations show that of the genes known to be critical for embryonic digit tip regeneration, only Bmp4 expression correlates with postnatal regeneration.
We have carried out in situ hybridization studies to characterize early events associated with bone re-differentiation during regeneration. Histological studies suggest that re-differentiation of regenerated bone proceeds by direct ossification (Muller et al., 1999 , Neufeld, 1992 . We used three cartilage specific markers to identify different stages of chondrocyte differentiation (Type II Collagen, ColII; Indian Hedgehog, Ihh; Type X Collagen, ColX) and one bone-specific marker to identify osteoblasts, Osteocalcin. Transcripts for the proliferating chondrocyte marker, ColII, is normally restricted to the endochondral growth plate of the terminal phalanx (not shown), and during digit tip regeneration ColII expression is unaltered ( Figures 7A and  B) . The pre-hypertropic marker, Ihh, is normally expressed in a transverse band of cells distal to the growth plate, and during regeneration this pattern of expression is unaltered (Figures 7C  and D) . Similarly, ColX, a marker for hypertrophic chondrocytes, is expressed during regeneration in a manner identical to non-regenerating digits ( Figures 7E and F) . On the other hand, Osteocalcin expression, which identifies osteoblasts, is significantly modified during digit tip regeneration. Osteocalcin is normally expressed along the periphery of the forming bone and also in the marrow region (not shown). Following digit tip amputation, Osteocalcin expression in both the periphery and marrow is down-regulated at PA4 ( Figure  7G ), then up-regulated in the distal region at PA8 ( Figure 7H ). We find many Osteocalcin positive cells at the interface between the distal blastema-like structure and the proximal bone stump ( Figure 7H ). These observations demonstrate that regenerative ossification following digit tip amputation occurs by direct ossification.
Discussion
We have initiated studies on amputated PN3 neonatal digits as a model for level-specific regeneration. In this report we confirmed and extended a number of observations from previous regeneration studies using either rat or mouse, and carrying out digit amputations at different neonatal stages (Borgens, 1982; Chadwick et al., 2007; Muller et al., 1999; Neufeld, 1992; Neufeld and Zhao, 1995; Reginelli et al., 1995; Revardel and Chebouki, 1987; Zhao and Neufeld, 1995) . First, we confirmed that the regeneration response is level-specific within the terminal phalangeal bone, and we report that terminal phalanx regeneration is morphologically normal but shorter than unamputated controls. Our results are consistent with the hypothesis that the anatomical response is specific to the digit stage at the time of amputation (i.e. PN3), which regenerated within a 2 week period, after which normal postnatal lengthening of the digit ensues. Second, we confirm that distal amputation results in the formation of a blastemalike structure containing undifferentiated cells (Chadwick et al., 2007; Neufeld, 1992; Revardel and Chebouki, 1987) , and we show that these cells are proliferating and express Bmp4, a developmentally regulated gene known to be involved in digit formation and embryonic digit regeneration (Han et al., 2003) . Third, we confirm histological observations that redifferentiation of the terminal phalanx is accomplished by direct ossification (Muller et al., 1999; Neufeld, 1992 ), and we demonstrate this by using chondrogenic and osteogenic markers to show that ossification of the digit tip does not involve chondrogenic cells.
A Mammalian Blastema?
One of the hallmarks of limb regeneration in urodele amphibians is the formation of a blastema of undifferentiated cells that proliferate, go through morphogenesis, and differentiates to replace structures lost by amputation (Brockes and Kumar, 2005; Bryant et al., 2002) . The blastema is a transient phase in regeneration that has been described in terms of the characteristics of cells during this phase with respect to both their tissue of origin as well as their ultimate fate in regeneration. Thus, for example, we know that blastema cells 1) arise from either dedifferentiation of, or from stem cells present in, mature tissues, 2) appear undifferentiated and express developmental genes during the blastema phase, 3) proliferate, and 4) differentiate in either a homotypic or heterotypic (metaplastic) manner (Brockes and Kumar, 2002; Han et al., 2005; Morrison et al., 2006) . There is currently no mammalian counterpart to the urodele blastema, and because there exist a growing interest in developing strategies to induce regenerative responses in mammals, particularly humans, it is both necessary and important to identify parallels with, as well as deviations from, the best characterized regenerating systems. In this initial study we provide evidence that the cells involved in the mouse digit tip regeneration response are proliferating and appear undifferentiated based on histological staining. Our in situ hybridization studies demonstrate that Bmp4 expression is up-regulated during regeneration, thus we provide evidence that a developmental gene is induced during the response. However, unlike the regenerating embryonic digit (Allan et al., 2006; Han et al., 2003) , we find that Msx1 is not expressed in the blastema but is expressed in the connective tissue of the stump, and that both Msx1 and Msx2 are transiently up-regulated in the connective tissue during early stages of wound healing. Thus, the molecular regulation of postnatal regeneration appears to be distinct from the embryonic response. Nevertheless, our evidence is consistent with the idea that digit tip regeneration in neonatal mice involves the formation of a blastema that mediates the regenerative response.
Regeneration Occurs in Distinct Phases
The regenerating neonatal mouse digit tip represents a novel model for exploring an inherent regenerative response in a mammal that has clear parallels with a similar human response. The regeneration process can be broken down into 3 phases. The first phase involves a wound healing response that ends with wound closure and the formation of a wound epithelium. In PN3 digits this phase is quite variable and relatively long with completed wound closure taking between 6 and 8 days following amputation (J. Lee unpublished) . The wound epithelium in the regenerating limbs of salamanders is known to play a critical role in regulating regenerative outgrowth, and it has been proposed that differences between the amphibian and mammalian wound epidermis is responsible for regenerative failure in mammals (Tassava and Olsen, 1982) . A clear difference is that in the amphibian regeneration response wound closure is completed very rapidly (Carlson et al., 1998) whereas in the mouse digit tip it take an extraordinarily long time. Since both healing modes are associated with a regenerative response it is reasonable to conclude that healing rate per se is not likely to be a limiting factor in the control of regeneration.
The second phase is the formation of a blastema of proliferating cells subjacent to the wound epithelium. The process of blastema formation occurs concurrent with wound closure since the blastema is well formed at 8 days post-amputation, thus we can conclude that wound closure per se is not required for the generation of blastema cells. The source of blastema cells remains unknown, although histological evidence suggest that connective tissue cells migrate distally during wound closure to cover the amputated bone stump (Neufeld et al., 2004) . A connective tissue contribution to the blastema is also supported by our BrdU incorporation studies showing enhanced proliferation in the loose connective tissue. An alternative, but not mutually exclusive, possibility is that blastema cells arise from stem cells present in the bone marrow. We find that the bone marrow is contiguous with the forming blastema during the early stages of regeneration, and that this region is associated with enhanced cell proliferation and osteoblast differentiation. Identification of the cellular origins of the digit tip blastema will provide important clues about the interface between wound healing and regeneration versus wound healing and scar deposition.
The final phase of regeneration involves the re-differentiation of the distal digit tip tissues, i.e. bone and loose connective tissue. Bone differentiation is initiated at the base of the blastema and new bone forms contiguous with existing bone. The new bone is highly vascularized and has the histological appearance of trabecular bone, suggesting that bone marrow derived osteoblasts may be involved in the regeneration response. During regeneration new bone begins forming at 7 days post amputation, the general morphology of the distal phalange is restored by 14 days post amputation, and elongation of the regenerated bone is largely completed by 21 days post amputation. Thereafter terminal phalanx appears to elongate by appositional ossification, forming cortical bone at a rate that parallels normal postnatal growth. Our findings show that terminal phalanx elongation terminates in unamputated and regenerating digits at the same time, and is independent of the final bone length. The reduced final size of the regenerated terminal phalanx can therefore be attributed to a systemic control of postnatal bone growth coupled with a developmental stage specific regenerative response.
Clinical Implications for Mouse Digit Regeneration
In this study we present clinical evidence and experimental evidence that the regeneration of the terminal phalangeal element is level-specific in children and neonatal mice. The clinical literature on fingertip regeneration in children suggest that the ability to regenerate is agerelated and linked to the presence of the nail organ in stump tissue (Illingworth, 1974; King, 1979; Rosenthal et al., 1979) . Similarly, experimental evidence that the nail organ stimulates some level of regenerative bone growth in mice suggests that the nail organ plays a critical role in the regeneration response (Mohammad et al., 1999; Zhao and Neufeld, 1995) . On the other hand, our clinical and experimental data fail to demonstrate a relationship between the nail organ and regeneration of the terminal phalanx, and thus suggests that the nail organ might be necessary but not sufficient for a successful regeneration response. Since regenerative responses in general are known to be complex and regulated at multiple levels (Gardiner, 2005; Han et al., 2005) , it is therefore not surprising that the nail organ is not the sole regulator of digit tip regeneration.
Conservatively managed fingertip amputation injuries in children and adults result in a wound healing response that restores cosmetic appearance and functionality. While there is limited documentation of bone regrowth (Vidal and Dickson, 1993) , there is considerable evidence that the wound healing response is near perfect with the recovery of the digit contour, sensibility and fingerprint (Douglas, 1972) . Thus, amputation of fingertips in humans and digit tips in mice represent situations where large wounds heal with minimal formation of scar tissue. In the mouse amputation through the sub-terminal phalanx results in wound healing with the formation of scar tissue (Muller et al., 1999) , thus scar free healing appears to be a response restricted to the terminal digit injuries. Studies demonstrating scar free healing of embryonic wounds (Martin, 1997) coupled with embryonic regeneration studies (Reginelli et al., 1995; Wanek et al., 1989) indicate that scar free wound healing may be necessary but is not sufficient for regeneration, thus it is plausible that the nail organ may be associated with scar free healing rather than regeneration itself. Regeneration of the terminal phalanx of digit tips in neonatal mice. Amputations were carried out at a distal level through bone, (A) and a proximal level through cartilage (B) at postnatal day 3 (PN3). Control unamputated digits were used for comparison (C, F). After 6 weeks, digits were analyzed using whole mount bone stain with Alizarin Red S (C-E) and histological analysis with Mallory's triple stain (F-H). Proximal amputations show no signs of regeneration (E, H). Distal amputations regenerate anatomically normal digit tips (D, G), however the length of the terminal phalanx of these digit tips never reach that of unamputated control digits (I). Scale bars: A,B − 200µm; C-E − 300µm; F-H − 400µm. Differentiation and elongation of the terminal phalangeal bone. A-D: Whole mount differential bone staining of developing hindlimb digits with Alizarin Red S and Alcian Blue. Ossification of the terminal phalangeal bone is initiated at the distal tip between E17.5 and E18.5 (A, B) . Ossification progresses in a proximal direction after birth (C), and the entire bone is Alizaring Red S positive by PN14 (D). E, F: Mallory's triple stained sections of neonatal digits. At PN7 an endochondral growth plate is clearly evident in the proximal region of the terminal phalangeal bone (arrowheads in E), however this growth plate is absent by PN21 (F). Scale bars: A,B − 150µm; C-F − 300µm. Expression of cartilage-specific (A-F) and bone-specific (I-L) transcripts in the E17.5 and E18.5 terminal phalanx at the onset of ossification. Type II collagen (Col II; A, B) is a marker for proliferating chondrocytes, Ihh (C, D) is a prehypertrophic chondrocyte marker, and Type X collagen (Col X; E, F) is a hypertrophic chondrocyte marker. G, H: Mallory's triple stained section showing the deposition of collagen along the dorsal tip of the terminal phalangeal bone. Collagen staining in G and H correlate with the expression of Type I collagen transcripts (Col I; I and J, respectively). The osteoblast-specific marker, Osteocalcin (K, L) identifies a distal ossification center during the maturation of the terminal phalangeal bone. Scale bars: 100µm. Ossification and elongation of the terminal phalangeal bone. A-D and I-K: Calcein incorporation into the terminal phalangeal bone identifies new bone deposition. E-G and L: Calcein incorporation into the terminal phalangeal bone is used as a vital marker to mark existing bone so subsequent bone deposition (unlabeled) can be identified. During postnatal digit elongation new bone is deposited throughout the terminal phalangeal bone at 1 week of age (A). At 3 weeks new bone deposition is restricted to the proximal (*) and dorsal-distal (arrow) regions of the bone (B). At 5 weeks new bone deposition is only observed at the dorsaldistal (arrow) region of the bone (C). At 7 weeks new bone deposition is not localized but occurs throughout the bone (D). E-G: The terminal phalangeal bone was labeled with calcein at PN1 (E) to characterize regions of new bone formation during digit elongation. Unlabeled bone distal to the calcein label (double arrow lines) identifies progressive deposition of new bone at the digit tip in mice 4 weeks (F) and 7 weeks (G) of age. H: BrdU, introduced at birth, labels bone cells at the distal tip of the terminal phalanx 3 weeks later (arrow). I-L. Calcein labeling during digit tip regeneration. Calcein was injected 1 day before collecting samples of regenerating digits 1 week (I), 2 weeks (J), and 3 weeks (K) post-amputation. Note that the general morphology of the digit tip is regenerated by 2 weeks post-amputation (J), and that by 3 weeks post-amputation the normal dorsal-distal bone deposition pattern (arrow) is observed in the regenerating digit tip (K). To demonstrate that the bulk of the regeneration response occurs between 1 and 2 weeks post-amputation, calcein incorporation at 1 week postamputation labeled the stump bone and digits collected at 2 weeks post-amputation were collected and stained with Alizarin Red S to label all bone (L). The double arrow line in L shows the extent of regenerated new bone during this 1 week period. Scale bars: 250µm. A blastema-like structure is evident at PA6 (C) and collagen deposition (c) is evident between the bone stump and the blastema-like structure at PA8 (D). E-H: BrdU incorporation was used to identify regions of cell proliferation in the PN7 (E) and PN10 unamputated control digit (G), and in the regenerating digit at PA4 (F; correspondent to PN7), and PA7 (H; correspondent to PN10). Regions of proliferation in the unamputated digits (E and G) include the epidermis (arrowheads) and the bone marrow (*). At PA4 (F) epidermal proliferation appears more widespread, extending distalward in association with epidermal closure, but not including the leading edge (*). In addition, a region of enhanced proliferation is found at the interface between the forming blastema-like structure and the bone marrow (arrow). At PA7 (H) many cells in the connective tissue between the nail bed and the bone are proliferating (*), as are the cells at the interface of the bone marrow and the blastema-like structure. I-L: In situ hybridization analyses documenting the expression of developmental genes during regeneration. Transcripts for Msx1 (I) are absent from the blastema-like structure, but are localized in the dorsal connective tissue between the nail bed and the terminal phalangeal bone. This pattern is similar to that observed in the unamputated digit (not shown). Msx2 expression at PA4 (J) indicates a transient up-regulation in the connective tissue cells associated with the amputation wound (arrow), however Msx2 expression is absent in the blastema-like structure at PA8 (K). At PA8 Bmp4 transcripts (L) are present throughout the blastema-like structure (*) and also in connective tissue cells just proximal to the regenerate (arrow). Scale bars: 100µm. Cartilage-specific and bone-specific gene expression during regeneration. A, C, E, G: 4 days after distal amputation, B, D, F, H: 8 days after distal amputation. The cartilage-specific marker, Type II Collagen (ColII), is expressed in the proximal region of the terminal phalanx but not in the regenerating distal region (A, B) . The pre-hypertrophic cartilage-specific marker, Ihh, (C,D) and the hypertrophic cartilage-specific marker, Type X Collagen (ColX), (E,F) are expressed in the proximal bone stump but not distally. The osteoblast-specific marker, Osteoclacin, is expressed proximally at PA4 (G), and both proximally and at the interface between the bone stump and the blastema-like structure at PA8 (H, arrows). Scale bars: 100µm.
